For Physical Vapor Deposition (PVD) processes the nucleation and growth of stable islands on monocrystalline and even polycrystalline substrates can be described by the rate equation theory in a mean field approximation. The observable quantity which can be derived from the rate equations is the global density of stable islands. Interisland correlations and island size distributions, on the other hand, cannot be obtained from this formalism. The array of stable islands, in turn, forms the template for the subsequent growth of a polycrystalline thin film. For the initial grain shape and grain size therefore both, the global island density as well as possible interisland correlations play a key role.
INTRODUCTION
The process of film formation from the vapor phase is, in its simplest form, the random addition of single particles (atoms, molecules or clusters) to an aggregate of previously deposited atomic or molecular species.
Realistic film growth, however, involves the mechanisms of particle transfer along the substrate surface or the growth front which lead to the formation of laterally correlated features. Before the complete coverage of the substrate the lateral transport of the film forming monomers leads to the formation of unstable nuclei and stable islands. These processes are well described by the rate equation theory [1] [2] [3] in their mean field approximation. In this stage feature formation is governed by adsorption, surface diffusion, re-evaporation and nucleation. After the formation and growth of stable islands the onset of coalescence leads to the formation of a polycrystalline array. If the thermal desorption of monomers can be neglected the geometry of the single crystalline domains in this array is intimately related to the details of the spatial distribution of the stable islands by the construction of the so-called Voronoi-zone network. The Voronoi Zone is the equivalent to the Wigner Seitz-cell for a random array of lattice points and roughly corresponds to the capture zone from which monomers can be transported to a stable island by surface diffusion as Blackman and Mulheran pointed out [4, 5] .
After the gradual filling of the capture zones by the growing islands the polycrystal is formed by the impingement of the island boundaries at the geometrical position of the Voronoi-Zone boundary. The subsequent mechanism of grain growth can be described by the multi-state Potts model [6] [7] [8] .
DESCRIPTION OF THE SUMULATION PROCEDURE
Although the rate equation formalism gives excellent global informations about island densities in dependence on the deposition parameters [3] it unfortunately does not yield results concerning island-island correlations in island size distributions due to its mean field nature. Non-uniform island spacing distributions can e. g. emerge by the suppression of nucleation in the vicinity of an existing stable island because of a reduction of the monomer density in this region. Therefore the initial inter-island spacing distribution was chosen as a first input parameter from for the simulation procedure. Deviations from a random island array were constructed by the introduction of an exclusion zone within which no other island may be positioned. This procedure is illustrated in Fig. 1a , b for a random island array (Fig.  1a) and a regular island array generated by the introduction of the circular exclusion zone indicated in Fig. 1b . (a) completely random island Position (b) regular island distribution generated by the introduction of the circular exclusion zone in the figure Both arrays displayed in Fig. 1 contain the same number of islands, i. e. exhibit the same global island density. The length scale of the simulation array is therefore given by the mean island spacing.
As a second step the Voronoi-Zone network is constructed by a nearest neighboralgorithm. The simulation array is sub-divided by a quadratic lattice with a lattice spacing much smaller than the average island spacing. In this work the lattice extension was always 500 units. The smallest average inter-island distance was approximately 5 lattice units for the highest island density , i. e. 10000 islands.
After the sub-division of the simulation array each lattice point is assigned to the nearest island and given a numeric label which was previously attached to the islands. This step is illustrated in Fig. 2a, b for the island arrays of Fig. 1 . The Different gray-scales correspond to the different numeric labels passed to the single zones. Fig. 1 (a) Voronoi-zones derived from the completely random island array (b) Voronoi-zones derived from the regular island array
For the following Potts-model-simulations the numeric labels of the Voronoi-zones were mapped to 48 different values which serve as the spin-states of the q-state Potts model [7, 8] . The Potts-model algorithm is performed on the same lattice which was used for the VoronoiZone construction with the slight modification that the quadratic lattice is transformed to a triangular lattice by a shift of ½ lattice constant applied to each second line.
The results of the grain growth simulations after 10 4 Monte-Carlo-Steps (MCS; for the definition of the MCS in the context of the Potts model see [6] [7] [8] ) for the Voronoi-zone networks from The average size of the Voronoi zones results from the areal density of stable islands while their size distribution is given by the spatial correlation of the islands generated by the above mentioned exclusion zone. The initial configuration of the polycrystalline array is shown in Figs. 4 -6 on the left hand side, both for random and for regular island distributions as they are displayed in Fig. 1 .
In addition the growth characteristics resulting from the Voronoi zone network are compared with the grain growth characteristics of a polycrystal resulting from a completely random initial simulation array which is the starting point of the classical Potts model.
Starting from this initial condition simulations were carried out until the average grain size was the same as the average grain size resulting from the Voronoi zone construction. In Figs. 4 -6 these curves are denoted as "Random Initial Grains". Figures 4 -6 that the primary factor retarding grain growth is the average initial grain size introduced by the mean island separation in the initial phases of growth. The smaller the average grain size the faster is the onset of grain growth. In the case of the highest island density (Fig. 6) there is no significant difference between the three initial conditions of the simulation. All three cases approximate the long-time behavior of the Potts model with the initial condition of a completely random simulation array. Increasing the initial grain size (Figs. 4, 5) leads to a retarded onset of grain growth. Considering the internal microstructure of a thin polycrystalline film this would mean columnar grains with constant diameter throughout the film. This is indeed often observed for films grown under conditions close to epitaxy. In this case the initial island separation is large and so is the base area of the polycrystalline domains shortly after coalescence.
It is clearly visible from
On the other hand there is a significant influence of the specific island arrangement on the grain growth characteristics. If the initial Voronoi-zone network is very regular the onset of grain growth is significantly retarded in comparison to a situation where the zone network results from a random distribution of islands.
When the average grain diameter begins to grow significantly the growth kinetics is the fastest for the regular zone network (Fig. 4,5 ). Both effects, first the significantly retarded grain growth and then the rapid increase in the grain diameter for a regular initial condition is most likely caused by the very homogenous size distribution of the monocrystalline domains. Initially the small deviation of the average domain size from the mean grain size hinders the growth of large grains on the expanse of small ones. Once two grains of equal orientation meet, on the other hand, one large grain in comparison to the remaining ones is formed and grows rapidly. This effect is illustrated in Fig. 7 . Figure 7 . Details of the grain growth characteristics for random initial Voronoi zones and regular initial Voronoi zones: For the regular grain size distribution the role of grain coalescence concerning the grain growth kinetics is emphasized by the highlighted grains.
The consequence for the internal structure of a thin film is therefore that the farther the islands before coalescence are separated and the more uniform their spacing as well as size distribution is, the more columnar the film structure will be. Approximately equally spaced islands will lead to column widths that are constant throughout the film thickness as long as columns of equal crystalline orientation do not meet.
SUMMARY AND CONCLUSION
The simulations presented in this paper have shown that the internal microstructure of a polycrystalline thin film is strongly influenced by the initial arrangement of the stable islands in the pre-coalescence phase. The global island density can be derived from the rate equation theory which establishes a correlation between the density of stable islands and the deposition parameters (deposition rate and substrate temperature). Island spacing distributions can be modified by the consideration of the suppression of nucleation in the vicinity of stable islands by the introduction of a so-called exclusion zone. For the process of grain growth after a completely continuous polycrystalline film is formed the following trends are observable:
• The higher the island density the earlier significant grain growth processes can be observed • The more regularly the islands are spaced at a given global island density the later grain growth processes are starting • once grain growth starts the kinetics of grain growth is faster the more regularly the initial islands are spaced.
The last point is interesting in regard to an experimental verification. For films with a very uniform island distribution it predicts a sharply defined thickness where the width of the columnar crystallites composing the film should suddenly increase drastically due to the onset of the coalescence of grains with similar orientations.
